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Abstract 
This dissertation is composed for the M.Sc. in Energy Systems program in the 
International Hellenic University. The scope is to make the readers understand the basic 
principles of the Heat Pumps Technology and through the Life Cycle Analysis method 
to evaluate the various environmental footprints that these systems have. Within this 
analysis, all the various stages, including the production, operation, dismantling and 
finally waste management of the materials used for the manufacturing processes are 
taking into account. The scope of the thesis is to gather information and data regarding 
the whole Life Cycle of various Heat Pump categories that are used as energy sources 
and after collecting and interpreting all the results through a Life Cycle Analysis 
Software, be able to show and give clear answers regarding their environmental 
performance and their sustainability. The growing trend to the sustainability and the 
need for lower energy consumption and better environmental performance are closely 
related to this kind of thesis and studies. 
For the successful implementation of the dissertation‟s subject and the environmental 
performance assessment of the Heat Pumps, the SimaPro 7 LCA software has been 
used. All the necessary data were taken from the ecoinvent database libraries and some 
previous researches about the life cycle assessment of heat pumps. 
All in all, I found the topic very challenging, interesting and useful for my further career 
path and I want to personally thank my assistant professor, Dr. Dimitri Anastaselo, who 
was extremely helpful and supported my effort in such a way that I didn‟t have any 
problem in implementing this thesis.   
 
 
 
Gounaris Ioannis 
18/11/2014 
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1. Introduction 
As there is a growing trend to the future sustainability and a general concern around the 
environmental impacts of the energy systems in general, experts and scientist are 
seeking new alternate possible ways of producing and transferring energy more 
environmentally friendly. That means systems that transfer energy at least as efficient as 
their predecessor with lower environmental footprints. The huge problems of the 
environmental pollution through all the emissions and the depletion of the natural 
resources have started to create sensitivity and efforts have started to be made in order 
to future certain criteria to be met.  
The production companies of heat pumps and their operation are in charge of the 
environmental issues regarding their production. They are trying with various ways and 
strategies to minimize their environmental impacts through their operation. For this to 
happen, regulations and standards were applied in order for their performance to be 
improved. 
Except from the companies and the enterprises being involved in the manufacturing 
process, the other significant parts are societies and states. The Society seems to 
gradually understand the importance of the environmental degradation and start to look 
for alternative and environmentally friendly ways of heating and cooling buildings with 
new technology and more efficient heat pumps. About the States, they have also started 
to apply measures and policies that aim directly to a better and more sustainable 
environment with lower impacts and better performance. 
A life cycle analysis (LCA) method is an assessment from „cradle to grave‟ of a product 
and their various and different impacts from the point of the extraction of the raw 
materials until the dismantling of them to the end of its lifetime. It is considered a very 
useful tool as it gives a complete picture of the whole life of a product. 
The study concerns the heat pump systems, so there will be an environmental evaluation 
of heat pumps with the use of LCA software. This method analyzes the heat pumps and 
their components from the view of their production, operation, dismantling and finally 
the waste management. There are heat pumps for heating and cooling purposes that can 
be used in the residential and the industrial sector. Within the analysis all the main 
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components of the heat pumps and the auxiliary ones will be considered from their 
production to their dismantling. In the end, a case study in a building will be presented 
that will include all the previous analysis in order to be able to compare the results of 
our findings and finally be able to select the best alternative choices. 
 
 
2. Literature review 
 
2.1. Introduction 
This chapter includes the research that has already done in the sector of heat pumps and 
their environmental assessment. As a domain that has been discussed a lot the previous 
years due to the environmental importance of heat pumps and the global trend to the 
sustainability, there are a lot of papers and publications concerning their behavior and 
their energy efficiency characteristics. On the other hand, there are only a few papers 
that are comparing the different heat pump technologies from their environmental point 
of view of their production and operation. 
2.2. Heat pumps 
   Greening and Azapagic conducted an extensive study about the domestic sector in 
U.K concerning the heat pumps systems and the gas fired boilers which are currently 
the most used technology concerning the heating demand. The study compare the 
environmental impacts and the life cycle analysis from „‟cradle to grave‟‟ of the 
domestic heat pumps, including ASHP, GSHP and WSHP compared with the 
condensing gas fired boiler. The study included the stages of extraction of fuels and raw 
materials, the system manufacture, the installation where applicable, operation, 
maintenance where applicable, decommissioning and all relevant transportation. The 
comparison and the results indicated that the heat pumps have higher environmental 
impacts in general than the gas boilers. This has to do with the electricity mix of the 
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country and the share of renewable energy within this mix. Finally, despite the potential 
improved energy mix in the U.K and respectively the decarburization, the 
environmental impacts of the heat pumps will still remain higher (1). 
Blum, Campillo, Munch and Kolbel analyzed the annual savings of the CO2 emissions 
of the GSHP in comparison with the conventional heating systems in regional level in 
south-western Germany on the state of Baden-Wurttemberg. Their study included a 
regional analysis by using the geographic information system (GIS) in order to find the 
regional CO2 savings according to the 6 different hydro geological classes that exist. 
The study included the installation of about 1105 GHSP systems in order to find the 
regional, the average and the total CO2 savings. According to the results, with the 
installation of a GSHP, a percentage of about 35% of up to 72% less CO2 emissions 
could be achieved compared to the conventional heating systems, depending on the 
supply electricity mix (2).  
Another study conducted by Bayer, Saner, Bolay, Rybach and Blum examined the GHG 
emission savings in Europe with the use of GSHP instead of the conventional heating 
systems. The study conducted with the use of data of 2008 in nineteen European 
countries. The results showed that about 3.7 Mil. t. CO2 (eq.) are saved in comparison to 
conventional heating systems. That is translated at about 0.74% savings on average, 
which is relatively low and shows that many countries are not mature enough to save 
large amounts of GHG but the potential for future savings up to 30% is positive. GSHP 
is considered a renewable energy technology though it just consumes electricity to 
operate and depending on the electricity mix of each country only a part of the 
electricity that consumes is emissions free. The study estimates that the highest potential 
in GHG emissions savings is in Sweden which was estimated that can reach up to 35% 
compared to the conventional systems, as it is the most mature market in Europe with 
the most GSHP installations (3). 
According to the ASHP technology, which is the most widely used for heating purposes 
in U.K and their environmental impacts, more specific their carbon footprints compared 
to other heating systems, Eric P. Johnson examined the carbon footprints of residential 
heat pumps in the U.K. Due to the fact that previous studies did not include in their 
environmental impacts the manufacturing and the emissions of the heat pump‟s 
fluorocarbon refrigerant and the production and then the disposal of heat pump‟s 
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hardware, Johnson decided to investigate the carbon footprints of heat pumps including 
the emissions of the fluorocarbons and the production and disposal of the hardware. 
According to the results, except from the power generation which contributes for the 
major greenhouse-gas emissions, fluorocarbons accounted for a 20% rise on the 
footprint. 
S. Eicher and C. Hildbrand from Switzerland‟s HEIG-VD school of business and 
engineering conducted a life cycle impact assessment around solar assisted heat pumps 
for domestic and hot water production along with space heating purposes concerning 
single family dwellings. The assessment and analysis includes the installation materials 
in their manufacturing and disposal stages and additionally the energy consumption for 
domestic hot water and space heating during a life time of 20 years by using two 
different indicators for the results. The one is examines the depletion of non-renewable 
energy resources and the other is associated with the global climate change. In addition, 
the reference system is then compared to two other residential heating systems. The 
results showed that for all kind of technologies, the operational energy accounted for up 
to 75% for the impacts. For the global warming potential, the refrigerant used in the 
heat pump, is accountable for up to 85%. We have to mention that in order to 
understand the importance of the supply electricity mix in the environmental impacts of 
heat pumps, if the energy supply was derived from a mix of PV installation, so 
renewable energy, the impacts that were linked with the energy consumption of the heat 
pumps would be reduced drastically (4). 
P. Shah, David Col Debella and Robert J. Ries have examined the life cycle impacts of 
3 different residential heating and cooling systems in 4 different places in the United 
States of America. The different locations showed the variations in the results caused by 
the different climate conditions, the different energy mix and the different building 
characteristics that each location had. The systems that examined were the warm-air 
furnace and air-conditioner, the hot water boiler and air-conditioner and air-air heat 
pump. The places considered were Minnesota, Oregon Pennsylvania and Texas. The 
results showed that in Minnesota, Pennsylvania and Texas the heat pump had the 
highest impacts and in contrast in Oregon had the lowest ones (5).  
A. Nitkiewicz and R. Sekret studied and examined the life cycle impacts of 3 different 
heating systems in Poland, namely the electric water-water heat pump, the absorption 
12 
 
water-water heat pump which operate with low temperature geothermal water and 
finally natural gas fired boiler which operate with fossil fuels. The life cycle impact 
assessment included 3 damage categories, namely damage to human health, damage to 
ecosystem quality and damage to resources and was calculated by using SimaPro 7 
software. The results showed that the highest environmental impacts were derived by 
the gas boiler as well as the resource impacts. On the contrary, the worst human health 
implications were derived by the electric heat pump and the lowest in this case by the 
gas boiler. Regarding the environment, the absorption heat pump has the lowest 
implications (6). 
2.3. Importance of this study 
It is a fact that there exist a lot of studies concerning the energy performance of 
different heat pumps and in general energy systems technologies. Most of the studies 
are evaluating and are modeling the operation phase of various heat pump technologies 
and are focusing only in the operation stages. This study focuses not only in the 
operation phase of the basic heat pump technologies but also in the production stage of 
the heat pumps. Finally, something not commonly seen in other studies is the fact that 
after the evaluation of the heat pumps and their auxiliary systems production and 
operation stages, the study includes and evaluates the different heat pump technologies 
in a real case building with real conditions. This real case scenario enables us to 
evaluate the heat pumps during their life cycle and finally to compare them with a 
reference heating system so as to find the best and most environmentally friendly 
system. 
 
 
3. Heat pump technologies and 
sources 
In this chapter various heat pump technologies will be presented and discussed 
regarding their source and their mode of operation. The state-of-the-art technologies 
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will be included in the end of the chapter. Heat pumps are devices that use some 
external power in order to move thermal energy from the heat source to the heat sink. 
With the operation of a heat pump, there is no creation of energy but transfer of thermal 
energy with a specific direction. The major task of a heat pump is generally space 
heating and space cooling in residential, commercial and industrial level. 
3.1.  Air source heat pumps 
Air to air source heat pumps are devices that with the help of electricity transfer heat 
from the outside space to the inside and vice versa. Their task is not to change energy 
from one form to another but just to transfer energy. The principles of the system are 
similar to the reverse refrigeration cycle. Heat is collected from the outside part of the 
building and then after some processes occurring to the refrigerant liquid that is 
travelling inside the pipes of the heat pump is releasing the heat inside the building 
through ducts and fans. The technology of the air source heat pump includes the 
compressor, the condenser, the expansion valve and the evaporator.  First of all, the low 
pressure and temperature refrigerant extracts heat from the outside temperature, then the 
formed gas compresses by the compressor in order to increase its temperature and 
pressure, after this compression the hot gas passes through an expansion valve and then 
goes to the heat exchanger within the building and condensation occurs having as a 
result the release of all heat within the inside space. After this processes, the newly 
cooled refrigerant undergoes the same cycle (7). 
 
Figure 3.1: a) Operating principle of ASHP (8). b) Picture of outside ASHP (8). 
Air to water heat pumps have similar operation as the air to air heat pump systems with 
the difference that air to water heat pumps exploit the extracted heat in order to heat the 
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domestic hot water of the building by heating the domestic hot water tank or otherwise 
by heating the water in a under floor heating system (9). 
   Figure 3.2: a) Complete cycle of air to water 
heat pump (10). 
3.2.   Ground source heat pumps 
Ground source heat pump installations, with the help and the utilization of the constant 
temperature beneath the surface of the earth exchange heat and in the heating season 
they provide the buildings with hot air and in the cooling season extract the heat for the 
inside to the soil. The pretty constant temperature of the earth constitutes the ground 
source heat pump installations more efficient than the air source heat pumps.  Except 
the high efficiency that it provides, ground source heat pumps are more stable and need 
less maintenance than the air source heat pumps (11). 
The types of ground source heat pumps are the following: 
1. Closed loop systems. 
With the installation of a closed piping system under the soil which is usually plastic 
and the circulation of an antifreeze solution within it, there is a heat exchange between 
the antifreeze which circulates in the piping system under the soil and the refrigerant 
which circulates in the heat pump. Generally, the cases that cover the whole spectrum of 
closed ground source installations include the horizontal, the vertical and the lake or 
pond array (11).  
1.1. Horizontal configuration. 
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This configuration is usually the most suitable for residential purposes. The area that 
this configuration needs is bigger than the vertical and the minimum trenches 
needed are at about 1.5 meter deep (11). 
1.2. Vertical configuration. 
This configuration applies usually in large buildings such commercial ones or 
schools and hospitals. In this configuration which needs less space than the 
horizontal one, 2 holes, about 1.5 meter in diameter and 20 meter apart with 30 to 
120 meter depth are needed. Within these holes are travelling 2 pipes which with the 
scheme of a U-bend at the bottom they get connected. Finally, there is a horizontal 
manifold that is placed under the soil, which is connected with the vertical pipes and 
then further connected with the heat pump (11). 
1.3. Pond configuration. 
This configuration is applied underwater if a proper pond or lake is available with 
the specific characteristics of volume and depth of water. In this category of ground 
source heat pumps, a pipe is going under the soil from the building to the water and 
then coils into circles within the water. This has to be implemented in at least 2.5 
meter under the surface in order not to have freezing problem (11). 
 
Figure 3.3: a) Closed horizontal loop system (12). b) Closed vertical loop system 
(12). 
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c) Closed pond/lake loop system (12). 
2. Open loop systems. 
Open loop geothermal source heat pump is the type of installation that directly exploits 
and uses the water from the well as the heat exchange fluid. The installation needs two 
boreholes, the one from where the water is coming from the well to the heat pump and 
the other from which the water is injected back to the well. Practically, there are some 
barriers regarding open ground source systems. First of all, clean water must be 
available to be supplied and afterwards there are strict regulations regarding 
groundwater discharge that have to be met (11).   
 
Figure 3.4: a) Open loop GSHP system (12). 
17 
 
3.3. Absorption heat pumps 
This kind of heat pump is driven by thermal energy coming from natural gas-
combustion process for residential heating purposes and not from electrical energy as 
the conventional heat pumps. This kind of heat pump is also known as gas-fired heat 
pump. The absorption system uses ammonia as the working fluid and water as the 
absorbent to operate the cycle or otherwise water as the working fluid and lithium 
bromide as the absorbent.  This system exploits the ability of the absorbent to absorb the 
vapor of the working fluid. The general idea is the same as in the conventional 
electrically driven heat pump, meaning that there is the case of space cooling where heat 
is extracted from the inside space and released to the outside and vice versa. The 
difference in the absorption heat pumps is that after the evaporation of the working fluid 
it is not pumped in an electrically running compressor but it is absorbed into water 
(absorbent). Another system that comprises of an absorber, a solution pump, a generator 
and an expansion valve exists.  The vapor after the evaporation is absorbed form the 
absorbent. After the solution has been made, it pumps with high pressure to the 
generator where it boils at high temperature with the combustion using an external heat 
source. After this process, the condensation follows where the working fluid condenses 
and releases heat and the absorbent goes back to the absorber through the expansion 
valve. It must be referred that some small amount of electricity may be needed in order 
to run the solution pump (13). 
 
Figure 3.5: a) Absorption heat pump system (14). 
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3.4. Solar assisted heat pumps 
In this case of, through the combination and the connection of solar panels with the 
storage tank through solar circuits or in other cases the exploitation of the solar energy 
as a heat source directly for the heat pumps, there can be achieved a huge coverage of 
hot water requirements during summer and a smallest coverage of the space heating 
load during the other seasons. As the figures will show below, the most common 
concept of solar heat pumps includes the one that the solar panels are connected with 
the storage tank. In this most usual case, the heat source of the heat pump comes from 
the ground. Furthermore, there are three more cases where the heat source for the heat 
pumps is deriving from the solar thermal energy itself. In the first one, the solar thermal 
energy is directly a heat source together with the ground source thermal energy as also a 
source of domestic hot water heating. In the second one, the solar thermal energy 
deriving from the solar circuit is the one and only heating source for the heat pump 
system. In the final array, the solar thermal energy is connected with the domestic hot 
water tank and with the heat pump as a heat source, which in this case is an air source 
heat pump (15).  
 
Figure 3.6: a) Solar system where the solar collector is connected with the DHW 
storage tank and the heat pump is a GSHP (16). 
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b) Solar system where the solar collector is connected with the DHW storage tank 
and the heat pump (16). 
 
c) Solar system where the solar collector is connected with the DHW storage tank 
and the heat pump as the only heat source (16). 
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d) Solar system where the solar collector is connected with the DHW storage tank 
and the heat pump and the heat pump is an ASHP (16). 
 
 
4. Description of the LCA method 
 
4.1. Introduction 
Life cycle assessment, known also as life cycle analysis is a tool which is used by 
different businesses and industries in order to evaluate in general the environmental 
performance of their operation and their systems in each stage and phase of the 
product‟s life. The whole concept of this assessment is strongly related with the 
environmental awareness and commitment of the businesses and industries to reduce 
their environmental impacts and promote products that have the same or even higher 
quality and environmental performance than their predecessors. The LCA includes a 
well-rounded assessment of each products life, known also as from “cradle-to-grave” 
assessment, which starts with the very early gathering of the raw materials needed to 
create the product until the end of its life and its disposal back to the earth. So, the 
evaluation includes the whole spectrum and stages of a products life.  In the energy 
systems sector, the LCA analyses the environmental impacts that are deriving from the 
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main phases of the products life including the raw materials acquisition, the 
manufacture and the production process , the operation and the use of the system, the 
maintenance, the disposal or the decommissioning , the recycling and finally within all 
these phases the transportation needed (17). 
. 
Figure 4.1: LCA phases (18).  
The LCA analysis includes all the environmental impacts that are related to the product 
system. The environment impacts that are related with energy conversion systems are 
often analyzed. The LCA methods are included and described in the International 
Organization for Standardization (ISO) and more specific in the ISO-14040 series. The 
general picture of the LCA is comprised on the following 4 steps: 
 The general scope and type of the LCA and the systems of the product are 
described. The functional units as well that will act as the reference are defined. 
 The inventory of the system will be defined. 
 The assessment of the environmental impacts analyzed previously. 
 The interpretation, which will evaluate the results of the inventory and the 
environmental impacts assessment. 
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Figure 4.2: LCA framework (19).  
4.2. Scope and goal of the study 
 
4.2.1. Scope of the study 
In this phase of the LCA, the bulk of information and data that have to be chosen in 
order for the evaluation to be made must be defined. The primary goal of an LCA is to 
evaluate some products in the terms of their environmental impact and their effect on 
health and decide according to the results if there are alternative products or methods of 
decreasing the environmental impacts (e.g., reduction in emissions) or the health effects 
through some specific alteration or modification. So, the LCA analysis is this tool that 
will interpret to the company or the industry according to the results if a specific 
product needs to be upgraded or modified in order for example to be more competitive 
or even set the basis for a new product development in the market. The results of the 
LCA must be expressed in one functional unit that will also quantify the function of the 
product systems. Generally, the scope aims to help the LCA of the systems not to 
deviate from reality. (20). 
This dissertation thesis aims to examine the life cycle of the most used heat pump 
technologies which are use for residential space heating and cooling. The thesis will 
include a from “cradle-to-grave” analysis of these systems. The target is to make the 
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readers and those who are interested to be informed about the different heat pump 
technologies and use the data and the information of the LCA as a tool in order for the 
future users to be able to be informed and be able to compare different heat pump 
technologies regarding their environmental impacts. Lastly, a real case study, a real 
residential building will be used in order for the different heat pump technologies and 
their different environmental impacts (including the operation phase) to be compared 
and tested through the LCA analysis. 
4.2.2.  Goal of the study 
The goal of the LCA is important because it can be a very useful tool for every 
enterprise in order to analyze whether a new product is worth producing or an old one is 
worth replaced. The study can be used for internal reasons, such as for the upgrade or 
the development of a product or for external reasons, for example the comparison with 
another product of the market. So, the reasons should be known in advance so as for the 
study to be structured properly and specific date to be collected (21). 
4.2.3. Objective of the study 
In this chapter, the systems, the heat pump technologies that will be assessed and 
evaluated will be defined. The target of the LCA and generally of the thesis is to 
evaluate and quantify the impacts of the heat pump technologies from their production 
to their end of life and then be able to compare them within a real case scenario. 
The heat pump technologies evaluated are the following: 
 ASHP. 
 GSHP. 
 Absorption heat pumps. 
The study and the application of the LCA were conducted with the SimaPro7 version 
7.3.3 software. The heat pump systems were evaluated by this software. 
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4.3. Inventory Data 
This part of the LCA consists of and requires all the necessary data in order for the 
analysis to be conducted. All the data, all inflows and outflows are divided into the 
foreground and the background data (22). 
 Foreground data: They are including the input data and information regarding 
the manufacturing of the heat pumps, materials needed for the manufacturing 
and production process and energy consuming during that phase, and the output 
data which are including the emissions that are emitted to the air from the 
burning of fossil fuels in the absorption heat pump case and the electricity 
consumption from the compressor of the heat pumps (22). 
 Background data: They are including all the necessary data concerning the 
auxiliary equipment and materials concerning the heat pumps, the energy 
consumption during the transportation and the energy consumption during the 
production phase (22). 
4.4. Impact assessment 
The impacts assessment of the LCA is conducted by the SimaPro7 software. In Europe, 
the Ecoindicator‟99 defines 3 crucial damage categories that can be defined as the one 
that damages the human health, one that damages the ecosystem and the environment 
and one that damages the resources (22). 
In the LCA, there are the impact indicators, which are extruded from the life cycle 
inventory data. After the normalization and weighting stages, the damage indicators can 
be derived. Normalization process needs in order for the impact categories to take the 
same units and be able to be compared. Weighting process, through weighting factors, 
allow the impact category indicator results after multiplied with the weighting factors to 
be added and create a total single score (23).   
There are several assessment tools that are contained in the SimaPro software like: 
 CML 1992 (23) 
 ECOLOGICAL FOOTPRINT (23) 
 EDIP 2003 (23) 
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 IMPACT 2002+ (23) 
 CML  Baseline 2001 (23) 
In the thesis, the CML Baseline 2001 will be used in order for the assessment to be 
conducted. 
4.4.1. CML Baseline 2001 
CML Baseline 2001 is a impact assessment tool created by a group of scientists in the 
Centre of Environmental Science of Leiden University. The Ecoinvent database 
includes the environmental impact categories. 
 Impact categories 
 
 Depletion of abiotic resources: “It has to do with the extraction of natural 
resources such as iron ore and crude-oil and their exhaustion. Those resources 
are non-leaving” (24). 
 Climate change and Global Warming Potential (GWP): The climate change, 
which has a negative and effects to both leaving and non-leaving organisms, to 
human health, welfare and to the ecosystem is mainly caused by the emission of 
GHG‟s to the atmosphere. Global warming is characterized by the tendency of 
the planet in increasing its temperature due to the GHG emissions, especially 
CO2 emissions in the atmosphere deriving from the fossil fuel burning or the 
deforestation, especially CO2 emissions in the atmosphere (25). 
 Stratospheric ozone depletion: Due to the depletion of the ozone layer in the 
stratosphere, higher amount of the harmful UV-B radiation is reaching the earth 
having as an impact the deterioration of the human welfare and health, the 
deterioration of the terrestrial and the aquatic ecosystems and the deterioration 
of the products and materials. The major contributor this kind of depletion are 
chlorofluorocarbons (CFC) (26). Chlorofluorocarbons were to be used as 
refrigerants for the heat pump systems but due to their high ozone depletion 
potential and global warming potential are nowadays prohibited (27). 
 Human toxicity: It refers to the toxic substances that are emitted to the 
environment and are harmful and toxic to the human (26). 
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 Fresh-water aquatic eco-toxicity: It refers to the toxic substances that are emitted 
to the water, the air and the soil and have a bad impact on fresh-water 
ecosystems (26). 
 Marine eco-toxicity: It refers to the toxic substances and their bad impact on the 
marine ecosystems (26). 
 Terrestrial eco-toxicity: It refers to the toxic substances and their bad impact on 
the terrestrial ecosystems (26). 
 Photo-oxidant formation: This category refers to the creation of reactive 
substances (primarily ozone), which in their turn are harmful for the human 
health and the ecosystem. This creation and reaction presumes the sunlight 
under which the reaction occurs (26). 
 Acidification: It refers to an environmental problem that occurs both in the soil 
and the water surface and its magnitude depends on the location. It is created 
due to the accumulation of the acidifying substances like sulfates and nitrates 
and can damage the ecosystems, the materials, the organisms and the soil (28). 
The well known phenomenon of “acid rain” is caused by the accumulation of 
nitric and sulfuric acids in the atmosphere.    
 Eutrophication: It refers to the environmental issue created after the enrichment 
of the soil or water, generally the ecosystem with chemical nutrients coming 
from human activity or not that contain nitrogen or phosphorus. This 
accumulation of that kind of chemicals can damage the ecosystem (29). 
 
4.4.2. Assessment method 
ISO 14040/44 states that in order to evaluate precisely and have a clearer picture of the 
product‟s environmental impacts, it must without any doubt to include the classification 
and characterization steps. This is a requirement according to the standard. 
1. Classification and characterization Model 
All pollutants and emissions do not have the same magnitude and all pollutants and 
emissions do not contribute the same at the impact categories. Some of them may 
contribute negatively and damage one impact category where another may damage and 
contribute negatively in more than one or two impact categories. The classification 
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procedure includes the classification and the sum of the pollutants that contribute to one 
or more specific impacts (21).  
After the classification procedure, follows the characterization one. The pollutants and 
the substances do not have the same effect and the same magnitude in damaging the 
environment. So, in order for the study to be more realistic, the substances which 
contribute to the same environmental impact, before to be added, they must be 
multiplied with a characterization factor depending on the magnitude of damaging the 
environmental impact. The reason of doing this, is that different substances and 
different pollutants contribute differently to each environmental impact (21). 
In CML, the characterization factors and units are presented below (30): 
 “Abiotic depletion: The characterization factor is the potential of abiotic 
depletion of the extraction of those minerals and fossil fuels. The unit of the 
characterization factor is kg of antimony (Sb) equivalents per kg of extracted 
mineral (30).” 
 “Global warming: The characterization factor is the potential of global warming 
of each GHG emission to the air. The unit of the characterization factor is kg of 
carbon dioxide (CO2) equivalents per kg of emission (30).” 
 “Human toxicity: The characterization factor is the potential of human toxicity 
of toxic substances emitted to the air, water or/and soil. The unit of the 
characterization factor is kg of 1,4-dichlorobenzene (1,4-DB) equivalents of kg 
of emission (30).” 
 “Fresh water aquatic ecotoxicity:  The characterization factor is the potential of 
fresh water aquatic toxicity of each substance emitted to the air, water or/and 
soil. The unit of this factor is 1,2-DB equivalents per kg of emission (30).” 
 “Marine aquatic ecotoxicology: The characterization factor is the potential of 
marine aquatic toxicity of each substance emitted to the air, water or/and soil. 
The unit of this factor is kg of 1,4-DB equivalents per kg of emission (30).” 
 “Terrestrial ecotoxicity: The characterization factor is the potential of terrestrial 
toxicity of each substance emitted to the air, water or/and soil. The unit of this 
factor is kg of 1,4-DB equivalents per kg of emission (30).” 
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 “Photochemical oxidation: The characterization factor is the potential of 
photochemical ozone formation of each substance emitted to the air. The unit of 
this factor is kg of ethylene (C2H4) equivalents per kg of emission (30).” 
 “Acidification: The characterization factor is the acidification potential for each 
acidifying emission to the air. The unit of this factor is kg to sulfur dioxide 
(SO2) equivalents per kg of emission (30).” 
 “Eutrophication: The characterization factor is the potential of eutrophication of 
each eutrophying emission to the air, water and soil. The unit is kg of phosphate 
ion (PO4
3-
) equivalents per kg of emission (30).” 
 
2. Normalization 
In this stage, the results that have derived previously from the characterization step of 
the LCA are now undertaken the normalization step. To have clear opinion about 
whether an environmental impact is low or high, it has to be compared with a reference 
situation. Despite that the normalization stage is not obligatory it is highly 
recommended because after normalization is achieved a single score of every 
environmental impact and the size and the magnitude of each impact can be calculated 
and then compared (30; 21). For a given impact category and region, the normalized 
result is calculated by multiplying the characterization factors with their respective 
emissions (26). The reference situation and information mentioned above can be a given 
and a specific community, country or region over a period of time. In this thesis, the 
European region has been chosen as the one that will be studied. For normalization 
factors the West-Europe ones have been chosen as the figure shows below. 
 
Figure 4.3: Normalization factors (31). 
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3. Impact assessment 
After the characterization and the normalization stages, the final step is the impact 
assessment. In this step, there is the weighting phase, where with the use of weighting 
factors which are multiplied according to their relevant importance with the previous 
normalized results for each impact category and a single aggregated score is achieved 
which indicates the environmental performance of each technology.  
For the thesis, as there is not a recommended set of weighting factors, we have used the 
ones that have resulted from a social panel approach (Guinée et al, 2001) (30).
 
Figure 4.4: Weighting factors.  
4.4.3. Cumulative energy demand 
The cumulative energy demand method (CED) focuses on the energy flow and 
consumption regarding the life cycle of a product. Within this energy it is included the 
direct use as also the indirect such as for the extraction of raw materials and the 
construction of the product. Cumulative energy demand is related with the primary 
energy and is closely related with the energy mix of each country (32). With the 
cumulative energy demand a better picture of the energy flow and consumption can be 
seen around the processes. The impact categories included are the following: 
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Figure 4.5: CED impact categories (33).  
4.5. Ecoinvent Database 
Within the Ecoinvent database which was developed by the Swiss Centre for Life Cycle 
Inventories are included more than 2.500 products, services and processes that are used 
in LCA studies. This datasets which are used as data inputs for performing the LCA aim 
to simplify the analysis and bring more reliable results. The Ecoinvent database in an 
effort to be expanded and be updated to many domains, it includes LCI date from many 
interesting domains  such as the building material domain, energy domain, 
transportation sector, chemicals, paper and pulp industry, waste treatment industry and 
agricultural domain (34; 35). The Ecoinvent database is used in Life cycle analyses 
studies where no other sources such as real companies‟ sources or industrial references 
or laboratory data are available and exist. 
In this thesis and the LCA of heat pumps, the data that was used was derived from the 
Ecoinvent database and also from relevant other LCA studies.  
4.6. SimaPro 7 Software 
“SimaPro is a professional tool that collects, analyzes and monitors the sustainability 
performance of products and services” (36). The ecoinvent database is included within 
the SimaPro software. By using SimaPro software, a model of a products life cycle can 
be determined and improvements can be made in a relative easy and transparent way. 
Generally, SimaPro analyzes the features of a product or service from their 
environmental perspective (37). With this tool, managers and experts can give and 
answer to many questions about sustainability issues around their products or services 
concerning their field of expertise. 
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The LCA applications which are related with the SimaPro software are varied and 
include: 
 Monitoring corporate and product sustainability performance (37). 
 Carbon footprint assessment (37). 
 Water footprint assessment (37). 
 Product design and eco-design (DfE) (37). 
 Environmental Product Declaration (EPD) (37). 
 Environmental reporting (GRI) (37). 
 Determination of key performance indicators (KPI) (37). 
 
 
5. Environmental performance of 
ASHP 
In this part of the thesis various technologies of heat pumps will be evaluated from their 
environmental point of view and their environmental impacts during their life cycle will 
be analyzed. 
5.1. Introduction 
One of the most common heat pump technology and system is the ASHP. The ASHP 
system can provide 1.5 to over 3 times more heat energy than the electricity it 
consumes. That is feasible due to the fact that ASHP just transfer energy and do not 
convert energy from one form to another through other processes like combustion and 
burning of fuels (38). 
The operation of an ASHP is based upon the vapor-compression cycle. When the ASHP 
is used in the heating mode the same principles as the refrigeration-cycle is followed. 
The ASHP is a closed system that comprises of a compressor, a condenser, an 
expansion valve and an evaporator. Within this closed system flows refrigerant as a 
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mean of transportation working fluid. The operation mode of the ASHP is the following 
(39): 
 First of all, the refrigerant which passes through the evaporator absorbs heat 
and is evaporated. 
 After being in a gaseous state and a relative low pressure from the evaporator, 
it compresses at the compressor and comes to a high pressure and temperature. 
 After being in compressed and high temperature gaseous state, it passes 
through the condenser and returns to a liquid state after releasing its heat to the 
space. 
 Finally, the liquid refrigerant passes through the expansion valve, cools and is 
partially transformed to vapor.  
 
Figure 5.1: ASHP (40). 
5.2. ASHP production 
In this part of the study, a 10 kW air source heat pump will be evaluated and its 
environmental impacts deriving from the production will be analyzed. The system is 
consisted of a 10 kW air-to-water heat pump and the used refrigerant during operation is 
the R134a.Medium voltage electricity from the grid and natural gas is needed in order 
for the heat pump to be produced. The disposal of the heat pump materials after their 
useful lifetime includes the aluminum 90% recycling and 10% landfill, the steel 61,7% 
recycling and 38,3 landfill, the copper 41% recycling and 59% landfill the 100% landfill 
of the plastics  and 80% reuse of the refrigerant (1). The materials used for the 
production of the heat pump and the characterized results are presented below. 
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Transportation 
Transportation: 78 tkm 
Energy/fuels 
Electricity medium voltage: 140 kWh 
Natural gas: 388 kWh 
Raw materials 
Reinforcing steel: 120 kg 
Copper: 35,2 kg 
Steel, low alloyed: 32 kg 
Tube insulation: 16 kg 
Refrigerant 134a: 4.09 kg 
Lubricating oil: 2,7 kg 
Polyvinylchloride: 1,6 kg 
Product: 1 air source heat pump 10 
kW. 
Waste treatment after lifetime 
Reinforcing steel:71,04 kg recycled, 48,96 kg landfilled 
Low alloyed steel: 19,744 kg recycled, 12,256 kg landfiiled 
Copper: 14,432 kg recycled, 13,728 kg landfilled 
Polyvinylchloride: 1,6 kg landfilled 
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Figure 5.2: Characterized results from the production of a 10 kW air source heat 
pump. 
 
Figure 5.3: Electricity mix of Greece in 2013. 
coal
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Impact categories 
Abiotic depletion: 5,81 kg Sb eq. 
Acidification: 7,55 kg SO2 eq. 
Eutrophication: 0,408 kg PO4
3- 
eq. 
Global warming: 1930 kg CO2 eq. 
Ozon layer depletion: 0,0385 kg CFC-11 
eq. 
Human toxicity: 3410 kg 1,4-DB eq. 
Fresh water aquatic ecot.: 258 kg 1,4-DB 
eq. 
Marine aquatic ecotoxicity: 364.000 kg 1,4-
DB eq. 
Terrestrial ecotoxicity: 18,2 kg 1,4-DB eq. 
Photocemical oxidation: 0,391 kg C2H4 eq. 
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6. Environmental performance of 
brine-to-water heat pump 
 
6.1. Introduction 
This heat pump technology uses a mixture of water with antifreeze, called brine, as the 
heat medium in order to transfer the heat from the ground source (heat source) to the 
building (heat sink).A borehole ranging from 70m to 200m exists which is the circuit 
from where the mixture passes through the ground, gains energy and then transfers this 
previously gained energy to the heat pump. The space needed for the borehole is small 
as it is vertical and it is near the building. Furthermore, it is an very efficient technology 
with a SCOP around 4.9 and is considered as renewable one due to the fact that almost 
80% of the energy needed is coming from the ground, so from the sun. Only around 
20% of the energy is electrical from the grid and is for the needs of the heat pump 
components, more specifically for the compressor operation (41). The coverage of 
requirements includes both the space heating needs and the DHW needs.   
 
Figure 6.1: Brine-to-water heat pump (42). 
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Figure 6.2: A scheme showing the borehole circuit (43). 
 
 
Figure 6.3: Energy flow diagram of brine-to-water heat pumps (44). 
6.2. Brine-to-water heat pump production.  
The system that will be examined is a 10 kW power brine-to-water heat pump. The 
assessment will include the production of 1 heat pump of this kind without the 
production of the borehole heat exchanger, more specifically the raw materials needed 
for the production, the energy and the fuels needed for the production, the operation 
stage of the heat pump and finally the disposal of the materials after the useful life of 
the heat pump. The transportation of the materials and the fuels to the production 
location will be also considered. The disposal of the materials after their useful lifetime 
includes the aluminum 90% recycling and 10% landfill, the steel 61,7% recycling and 
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38,3 landfill, the copper 41% recycling and 59% landfill the 100% landfill of the 
plastics  and 80% reuse of the refrigerant (1) The materials used for the productions of 
the heat pump and the characterized results are presented below: 
 
 
 
  
 
 
 
 
 
   
 
 
 
 
 
 
Transportation 
Transportation: 78 tkm 
Energy/fuels 
Electricity medium voltage: 140 kWh 
Natural gas: 388 kWh 
Raw materials 
Reinforcing steel: 75 kg 
Copper: 22 kg 
Steel, low alloyed: 20 kg 
Tube insulation: 10 kg 
Refrigerant 134a: 3.09 kg 
Lubricating oil: 1,7 kg 
Polyvinylchloride: 1 kg 
Product: 1 brine-to-water heat pump 
10 kW. 
Waste treatment after lifetime 
Steel: 46,275 kg recycled, 28,725 kg landfilled 
Low alloyed steel: 12,34 kg recycled,7,66 kg landfilled 
Copper: 9, 02 kg recycled, 12,98 kg landfilled 
Polyvinylchloride: 1 kg landfilled  
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Figure 6.4: Production process of a 10 kW brine-to-water heat pump and the 
characterized results. 
 
7. Environmental performance of 
absorption heat pump 
 
7.1. Introduction 
AHP is not driven by electrical energy and a compressor, but DAHP uses an auxiliary 
system such as a natural gas boiler (most common) as a heat source in order to generate 
heat and operate. In the residential buildings, the AHP operates under the ammonia-
water absorption cycle. This means, that instead of a refrigerant, ammonia is used as the 
Impact categories 
Abiotic depletion: 4.6 kg Sb eq. 
Acidification: 5,31 kg SO2 eq. 
Eutrophication: 0,279 kg PO4
3- 
eq. 
Global warming: 1710 kg CO2 eq. 
Ozon layer depletion: 0,0291 kg CFC-11 eq. 
Human toxicity: 2.170 kg 1,4-DB eq. 
Fresh water aquatic ecot.: 181 kg 1,4-DB eq. 
Marine aquatic ecotoxicity: 277.000 kg 1,4-DB eq. 
Terrestrial ecotoxicity: 12 kg 1,4-DB eq. 
Photocemical oxidation: 0,269 kg C2H4 eq. 
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working fluid. The heating load is delivered by the condensation of the high pressure 
and temperature ammonia which releases its heat at the condenser (45). 
 
Figure 7.1: Absorption heat pump (46). 
 
Figure 7.2: Absorption heat pump operation mode (47). 
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7.2. Diffusion absorption heat pump 
production 
In this chapter, a 4 kW diffusion absorption heat pump will be studied. The evaluation 
will include the production process, the energy needed and the materials needed for the 
production of a 4 kW diffusion heat pump. The transportation of the raw materials is 
also included in the evaluation.  
 
  
  
 
 
 
 
 
 
 
Transportation 
Transportation: 49,7 tkm 
Energy/fuels 
Electricity medium voltage: 133 
kWh 
Electricity low voltage: 40 kWh 
Natural gas: 264 kWh 
Light fuel oil: 83 kWh 
Raw materials 
Reinforcing steel: 165 kg 
Chromium steel: 32 kg 
Aluminium: 22 kg 
Copper: 5 kg 
Rock wool: 8 kg 
Polyethylene: 4 kg 
Tube insulation: 4 kg 
Electronics: 4 kg 
Ammonia: 1,5 kg 
Water: 5 kg 
Sheet rolling, steel:165 kg 
Sheet rolling, chromium steel: 
32 kg 
Injection moulding: 5 kg 
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Figure 7.3: Production process of a 4 kW diffusion absorption heat pump and the 
characterized results. 
 
 
 
 
 
 
Product: 1 diffusion absorption heat 
pump 4 kW. 
Impact categories 
Abiotic depletion: 25,2 kg Sb eq. 
Acidification: 9,64 kg SO2 eq. 
Eutrophication: 1,29 kg PO4
3- 
eq. 
Global warming: 1340 kg CO2 eq. 
Ozon layer depletion: 0,0000916 kg CFC-11 eq. 
Human toxicity: 4.680 kg 1,4-DB eq. 
Fresh water aquatic ecot.: 845 kg 1,4-DB eq. 
Marine aquatic ecotoxicity: 877.000 kg 1,4-DB eq. 
Terrestrial ecotoxicity: 19 kg 1,4-DB eq. 
Photocemical oxidation: 0,504 kg C2H4 eq. 
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8. Summary production results 
In this chapter, charts regarding the summary results of the production and waste 
management of the 2 different heat pump technologies will be followed showing and 
comparing the characterized environmental impact categories. The charts are shown 
below:  
 
Figure 8.1: Summary results for the abiotic depletion impact category. 
 
Figure 8.2: Summary results for the acidification impact category. 
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Figure 8.3: Summary results for the eutrophication impact category. 
 
Figure 8.4: Summary results for the global warming impact category. 
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Figure 8.5: Summary results for the ozone layer depletion impact category. 
 
Figure 8.6: Summary results for the human toxicity impact category. 
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Figure 8.7: Summary results for the fresh water aquatic ecotoxicity impact category. 
 
Figure 8.8: Summary results for the fresh marine aquatic ecotoxicity impact category. 
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Figure 8.9: Summary results for the terrestrial ecotoxicity impact category. 
 
Figure 8.10: Summary results for the photochemical oxidation impact category. 
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9. Borehole heat exchanger 
 
9.1. Introduction 
In order for the diffusion heat pump to operate, the borehole heat exchanger acts as the 
system form which heat is extracted or rejected to the ground. The procedure includes 
drilling within the ground and placing piping system in order to construct the system. 
The depth of the piping can range from 80 m to 200 m.  A solution of antifreeze is 
placed within the system which acts as the heat carrier fluid (48). 
 
Figure 9.1: a closed-loop borehole heat exchanger (49). 
9.2. Borehole heat exchanger production 
In this section, a 150 m borehole heat exchanger will be evaluated. The evaluation 
include the materials used for the production, the energy and the water needed for the 
production and the transportation of the materials After the useful lifetime of the 
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distribution heating  system the disposal of the materials are included. The disposal of 
the materials after their useful lifetime includes the reinforcing steel 61,7% recycling 
and 38,3% landfill, the 100% wastewater treatment of the ethylene glycol and the 100% 
landfill of the plastics, cement  and bentonite (1).  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Transportation 
Transportation: 100 tkm 
Energy/fuels 
Water: 10,2 m
3 
Diesel: 4.916 kWh 
Raw materials 
Reinforcing steel: 33 kg 
Polyethylene: 180 kg 
Bentonite: 8 kg 
Ethylene glycol: 102 kg 
Cement: 33 kg 
 
 
Product: 150 m borehole heat 
exchanger. 
Waste treatment after lifetime 
Reinforcing steel: 20,36 kg recycled,  14,67 kg landfilled 
Polyethylene: 180 kg landfiled 
Bentonite: 8 kg landfilled 
Ethylene glycol: 102 kg wastewater treated 
Cement:33 kg landfilled 
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Figure 9.2: Characterized results from the production of the 150 m borehole heat 
exchanger.  
 
10. Distribution and Emission 
systems 
 
10.1. Introduction 
This type of floor emission system of heat uses liquid, water or otherwise a mixture of 
water with antifreeze in a closed circuit which circulates between the boiler and the 
Impact categories 
Abiotic depletion: 22,3 kg Sb eq. 
Acidification: 16,5 kg SO2 eq. 
Eutrophication: 4,73 kg PO4
3- 
eq. 
Global warming: 2860 kg CO2 eq. 
Ozon layer depletion: 0,000268 kg CFC-11 eq. 
Human toxicity: 1.240 kg 1,4-DB eq. 
Fresh water aquatic ecot.: 92,9 kg 1,4-DB eq. 
Marine aquatic ecotoxicity: 213.000 kg 1,4-DB eq. 
Terrestrial ecotoxicity: 4,45 kg 1,4-DB eq. 
Photocemical oxidation: 0,605 kg C2H4 eq. 
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floor tubes. The source of energy for a hydronic system can be a heat pump. This 
system is considered as the most cost-effective and the most popular one (50). 
 
Figure 10.1: Under floor tubing system (51). 
 
Figure 10.2: Hydronic radiant heating systems closed loop description (52). 
10.2. Emission system production. 
In this section, the materials needed for the production and the transportation needed for 
the production of a 150 m
2 
hydronic radiant floor and their respective environmental 
impact categories are evaluated. After the useful lifetime of the floor heating system the 
waste management of the materials is evaluated. The disposal of the materials after their 
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useful lifetime includes the aluminum 90% recycling and 10% landfill and the 100% 
landfill of the plastics, sand, brass and cement (1).  
The characterized results of the environmental impact categories of the production of 
such a heating system are shown below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Transportation 
Transportation: 128 tkm  
Water 
Water: 0,45 m
3 
Raw materials 
Aluminum: 126 kg 
Polyethylene: 101 kg 
Polystyrene: 66 kg 
Sand: 4.650 kg 
Cement: 900 kg 
 
 
 
 
 
Product: 150 m
2
 hydronic radiant 
floor heating system. 
Waste treatment after lifetime 
Aluminium: 113,4  kg recycled, 12,6 kg landfilled 
Polyethylene: 101 kg landfilled 
Polystyrene: 66 kg landfilled 
Sand: 4.640 kg lanfilled 
Cement: 900 kg landfilled 
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Figure 10.3: Characterized results from the production of the 150 m
2
 hydronic 
radiant floor heating system.  
 
 
11. Operational assessment of 
brine-to-water heat pump  
 
11.1. Introduction. 
In this part of the thesis, the environmental performance of a 10 kW brine-to-water heat 
pump with a SCOP of around 4.9 will be assessed along with the 150 m borehole heat 
exchanger as an integrated system. The system evaluates the production of a 1 kWh 
Impact categories 
Abiotic depletion: 14,4 kg Sb eq. 
Acidification: 8,1 kg SO2 eq. 
Eutrophication: 0,877 kg PO4
3- 
eq. 
Global warming: 2660 kg CO2 eq. 
Ozon layer depletion: 0,000102 kg CFC-11 
eq. 
Human toxicity: 4.980 kg 1,4-DB eq. 
Fresh water aquatic ecot.: 658 kg 1,4-DB eq. 
Marine aquatic ecotoxicity: 77.100 kg 1,4-DB 
eq. 
Terrestrial ecotoxicity: 13,7 kg 1,4-DB eq. 
Photocemical oxidation: 0,563 kg C2H4 eq. 
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thermal energy and it takes into account the infrastructure process of the borehole heat 
exchanger and the brine-to-water heat pump as long as the low voltage electricity 
needed for the production of the thermal energy and the refrigerant used during the 
operation. 
11.2. 1st Analysis. 
The characterized results of the environmental impact categories for the production of 
the 1 kWh thermal energy from the brine-water heat pump with a 150 m borehole heat 
exchanger is shown below: 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.1: Characterized results from the operation of the brine-to-water heat pump. 
The chart below shows the contribution in percentages of the brine-to-water heat pump 
and the borehole heat exchanger in the environmental impact categories  
Impact categories 
Abiotic depletion: 0,000676 kg Sb eq. 
Acidification: 0,000384 kg SO2 eq. 
Eutrophication: 0,0000149 kg PO4
3- 
eq. 
Global warming: 0,0738 kg CO2 eq. 
Ozon layer depletion: 0,0000000455 kg CFC-
11 eq. 
Human toxicity: 0,0254 kg 1,4-DB eq. 
Fresh water aquatic ecot.: 0,016 kg 1,4-DB eq. 
Marine aquatic ecotoxicity: 38,7 kg 1,4-DB eq. 
Terrestrial ecotoxicity: 0,000812 kg 1,4-DB eq. 
Photocemical oxidation: 0,00000153 kg 
C2H4 eq. 
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Figure 11.2: Chart showing the contribution of each process in the environmental 
impact categories.  
11.3. 2nd Analysis. 
In this part of the thesis, the production of 1 kWh thermal energy from a 10 kW brine-
water heat pump with a 150 m borehole heat exchanger and a 150 m
2
 hydronic radiant 
floor heating systems as an emission system will be environmentally evaluated. The 
analysis takes into account the production and the operation of a 10 kW brine-water 
heat pump, the production of the 150 m borehole heat exchanger and the production of 
the 150 m
2
 hydronic radiant floor heating systems as the emission system. The 
characterized results of the environmental impact categories are shown below: 
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Figure 11.3: Characterized results from the operation of the brine-to-water heat pump. 
The production of the 10 kW brine-water heat pump, the production of the 150 m 
borehole heat exchanger have the highest contribution in the environmental impact 
categories. The production of the hydronic radiant floor heating system, which is the 
emission system, has low contribution to the environmental impact categories.  
Impact categories 
Abiotic depletion: 0,00072 kg Sb eq. 
Acidification: 0,00041 kg SO2 eq. 
Eutrophication: 0,0000163 kg PO4
3- 
eq. 
Global warming: 0,0794 kg CO2 eq. 
Ozon layer depletion: 0,0000000479 kg CFC-
11 eq. 
Human toxicity: 0,0303 kg 1,4-DB eq. 
Fresh water aquatic ecot.: 0,0173 kg 1,4-DB 
eq. 
Marine aquatic ecotoxicity: 41,2 kg 1,4-DB 
eq. 
Terrestrial ecotoxicity: 0,000863 kg 1,4-DB 
eq. 
Photocemical oxidation: 0,0000165 kg C2H4 
eq. 
56 
 
 
Figure 11.4: Chart showing the contribution of each process in the environmental impact 
categories. 
 
 
12. Operational assessment of air-
water heat pump  
 
12.1. Introduction. 
In this chapter, the production of 1 kWh thermal energy from a 10 kW air-water heat 
pump with around  a SCOP of around 3.7 with a 150 m
2
 hydronic radiant floor heating 
systems as an emission system will be environmentally assessed.  
12.2. Analysis. 
The analysis takes into account the production of the air-water heat pump, the 
refrigerant use and the low voltage electricity for the production of 1 kWh thermal 
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energy. Furthermore, it takes into account the production of the emission system, which 
is the hydronic radiant floor heating system. The characterized results of the 
environmental impact categories are shown below: 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.1: Characterized results from the operation of the air-water heat pump. 
The production of the 10 kW air-water heat pump, the production of the low voltage 
electricity and the refrigerant use have the highest contribution in the environmental 
impact categories. The production of the hydronic radiant floor heating system, which is 
the emission system, has low contribution to the environmental impact categories.  
Impact categories 
Abiotic depletion: 0,000944 kg Sb eq. 
Acidification: 0,000495 kg SO2 eq. 
Eutrophication: 0,0000185 kg PO4
3- 
eq. 
Global warming: 0,103 kg CO2 eq. 
Ozon layer depletion: 0,0000000759 kg CFC-
11 eq. 
Human toxicity: 0,039 kg 1,4-DB eq. 
Fresh water aquatic ecot.: 0,0229 kg 1,4-DB 
eq. 
Marine aquatic ecotoxicity: 54,6 kg 1,4-DB eq. 
Terrestrial ecotoxicity: 0,00114 kg 1,4-DB eq. 
Photocemical oxidation: 0,00002 kg C2H4 eq. 
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Figure 12.2: Chart showing the contribution of each process in the environmental impact 
categories. 
 
 
 
13. Case study 
In this chapter of the dissertation, the previous analysis of the heat pump systems will 
be applied in a real residential building. Different scenarios will be evaluated in order to 
find the best case scenario.  
13.1. Introduction 
The scope of the case study is to compare the heat pump systems from the aspect of 
their production, operation and disposal after their life cycle of 20 years. The 
environmental performance of heat pumps will be conducted and compared with a 
conventional heating system being installed in a real residential building. The case study 
examination will include the four main impact categories which are the global warming, 
acidification, eutrophication and photochemical oxidation. 
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13.2. Description of the building 
The building used as a real case for the implementation of the thesis is a single 
residential family building consisting of a semi-basement, a ground floor and a floor. 
The total surface of the building is 204.5 m
2
. Furthermore, it is not attached with any 
other buildings. The total heated area of the building is 108.5 m
2
. The surface of the 
basement is 96 m
2
, the surface of the ground floor is 80 m
2
 and the surface of the 1
st
 
floor is 63.5 m
2
. The climatic zone where the building belongs is the C climatic zone, in 
Thessaloniki. In the semi-basement there is a parking area, a living room, a guest room, 
a warehouse with the boiler and a bathroom. In the ground-floor there is a central 
entrance of the building, an office area, a living room, a kitchen and a bathroom. 
Finally, in the first floor there are 3 bedrooms and a bathroom. All floors are connected 
with a staircase that leads also to the roof (53). The drawings below depict each floor 
and its formation. 
 
Figure 13.1 : Drawing of the semi-basement (53). 
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Figure 13.2 : Drawing of the ground-floor (53). 
 
Figure 13.3 : Drawing of the 1
st
 floor (53). 
 
Figure 13.4 : Single residential family building (53). 
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13.2.1. HVAC systems 
The building is equipped with a central 30kW oil-fired boiler with an overall nominal 
efficiency of 0.80 for the needs of heating.  The distribution system is comprised of a 
single pipe and finally 15 radiators that are emitting the heat inside the spaces. 
Furthermore, there is not any thermostatic control in the building during the heating 
period. The heating period is considered to be from 1 of October until 30 of April. 
Regarding the cooling period and the cooling systems of the building, there are split-
unit air conditioners in each bedroom and in each living room of the building with an 
energy efficiency ratio(EER) of 2. The energy demand of the building is 55 kWh/year 
(53). 
13.3. Scenarios 
In order to compare the different technologies of heat pumps and evaluate their 
environmental impact results different scenarios and cases must be evaluated. The 
following figure shows the different scenarios that will be carried out. 
 
 
 
 
ASHP + floor heating system 
 
 
Brine-to-water heat pump + borehole heat exchanger + floor heating system 
 
Figure 13.5 : Different scenarios. 
The base case scenario includes the production of the 30 kW oil-fired boiler as it is 
already installed in the apartment. The study includes also the evaluation of the 15 
Base case scenario: Oil-fired boiler 
with radiators and nominal 
efficiency of 0.80 
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radiators that are installed in the building. Furthermore, the operation phase of the oil-
fired boiler will be evaluated. 
13.3.1. Base case scenario 
The base case scenario includes the production, the operation and finally the waste 
management of the oil-fired boiler with radiators as the emission system. The 
production of the boiler and the radiators and the operation phase during their 20 years 
life cycle will be evaluated. (54). 
 
  
 
 
 
 
Figure 13.6: Production and disposal phase of 10 kW oil-fired boiler (54). 
 
 
  
 
 
 
Figure 13.7: Operation phase of oil-fired boiler (54). 
 
 
Impact categories 
Outflows of oil boiler and radiators 
Impact categories 
Global warming, 40.392 kg CO2 eq 
Acidification, 88,149 kg SO2 eq 
Eutrophication, 7,73kg PO4
3- eq 
Photochemical oxidation, 4,68 kg C2H4 
 
Impact categories 
Outflows of oil boiler and radiators 
Impact categories 
Global warming, 1.963,95 kg CO2 eq 
Acidification, 9,33 kg SO2 eq 
Eutrophication, 1,275kg PO4
3- eq 
Photochemical oxidation, 0,768 kg C2H4 
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13.3.2. First case scenario 
In this part of the thesis, the first intervention as the first case scenario will be conducted 
by replacing the oil-fired boiler with a 10 kW ASHP with floor heating system as an 
emission system. 
 
 
 
 
 
 
 
Figure 13.8: Production and disposal phase of ASHP with floor heating 
 
 
 
 
 
 
 
Figure 13.9: Operation phase of ASHP with floor heating 
We estimated that the case of the ASHP in conjunction with the floor heating system 
presents lower environmental impacts than the already existed oil-fired boiler for the 
operation of a 20-year period. 
Outflows of ASHP and with floor heating 
system 
Impact categories 
Global warming, 12.236 kg CO2 eq 
Acidification, 58,92 kg SO2 eq 
Eutrophication, 2,23kg PO4
3- eq 
Photochemical oxidation, 2,376 kg C2H4 
 
Outflows of ASHP and with floor heating 
system 
Impact categories 
Global warming, 4.590 kg CO2 eq 
Acidification, 15,65 kg SO2 eq 
Eutrophication, 1,285 kg PO4
3- eq 
Photochemical oxidation, 0,954 kg C2H4 
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13.3.3. Second case scenario 
In the second scenario, the oil-fired boiler heating system will be replaced with a new 
brine-to-water heat pump with a borehole heat exchange system and floor a floor 
heating system.  
 
 
 
 
 
 
 
Figure 13.10: Production and disposal phase of brine-to-water heat pump with 
floor heating 
 
 
 
 
 
 
Figure 13.11: Operation phase of brine-to-water heat pump with floor heating 
We estimated that the case of the brine-to-water heat pump in conjunction with the floor 
heating system presents lower environmental impacts than the already existed oil-fired 
boiler for the operation of a 20-year period.  
 
Outflows of brine-to water heat pump and 
with floor heating system 
Impact categories 
Global warming, 2.625 kg CO2 eq 
Acidification, 48,08 kg SO2 eq 
Eutrophication, 1,936 kg PO4
3- eq 
Photochemical oxidation, 1,96 kg C2H4 
 
Outflows of brine-to water heat pump and 
with floor heating system 
Impact categories 
Global warming, 7230 kg CO2 eq 
Acidification, 29,91 kg SO2 eq 
Eutrophication, 5,886 kg PO4
3- eq 
Photochemical oxidation, 0,882 kg C2H4 
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13.3.4. Summary results 
The results found in the previous chapters are presented in a summary form below so as 
for everyone to be able to compare all different case scenarios and compare the results. 
The values that are marked with red color are indicating the lowest environmental 
impacts for each impact category. 
 
Table 13.1: Summary results for the production of heat pumps 
Scenarios 
kg kg kg kg 
CO2eq SO2eq PO4eq C2H4eq 
a) ASHP with floor heating 
system 
4.590 15,65 1,285 0,954 
b) Brine-to-water heat pump with 
borehole heat exchanger and 
floor heating system 
7.230 29,91 5,886 0,882 
 
Table 13.2: Summary results for the operation of heat pumps and the oil-
fired boiler (20 years). 
Scenarios 
kg kg kg kg 
CO2eq SO2eq PO4eq C2H4eq 
Base case scenario, oil fired boiler 
with radiators, efficiency 80%  
40.392 88,149 7,73 4,68 
a) ASHP with floor heating 
system 
12.236 58,92 2,23 2,376 
b) Brine-to-water heat pump with 
borehole heat exchanger and 
floor heating system 
2.625 48,08 1,936 1,96 
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Table 13.3: Summary results for the overall performance of heat pumps and the oil-
fired boiler. 
Scenarios 
kg kg kg kg 
CO2eq SO2eq PO4eq C2H4eq 
Base case scenario, oil fired 
boiler with radiators, efficiency 
80%  
42.395 97,479 9,05 5,448 
a) ASHP with floor heating 
system 
16.826 74,57 3,515 3,33 
b) Brine-to-water heat pump 
with borehole heat exchanger 
and floor heating system 
9.855 77,99 7,822 2,842 
 
In figures 13.11-13.14 the summary results from the previous tables are graphically 
presented per impact category and intervention. 
 
Figure 13.11: Summary results for the global warming impact category. 
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Figure 13.12: Summary results for the acidification impact category. 
 
Figure 13.13: Summary results for the eutrophication impact category. 
 
Figure 13.14: Summary results for the photochemical oxidation impact category. 
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In table 13.4 the annual savings from the operation of the different scenarios are 
presented for each impact category, compared to the base case scenario. The values that 
are marked with red color are indicating the highest achieved savings for each impact 
category. 
Table 13.4: Annual savings 
Interventions 
kg kg kg kg 
CO2eq SO2eq PO4eq C2H4eq 
a) ASHP with floor heating 
system 
1.407 1,46 0,275 0,115 
b) Brine-to-water heat pump with 
borehole heat exchanger and 
floor heating system 
1.888 2 0,289 0, 136 
 
We can see that there is not an intervention that has in all impact categories the highest 
annual savings. That makes us more skeptical about which of the interventions we can 
select as the most ideal one. 
Table 13.5: Impact payback periods 
Interventions 
kg kg kg kg 
CO2eq SO2eq PO4eq C2H4eq 
a) ASHP with floor heating 
system 
 3,26 10,7 4,67 8,29 
b) Brine-to-water heat pump with 
borehole heat exchanger and 
floor heating system 
3,82 14,95 20,36 6,48 
 
In the final Table of the dissertation, table 13.5, the years needed to cover the 
production and disposal impact by the annual savings are presented for each scenario. 
This is known as the “environmental payback period” for each scenario. The quickest 
payback period for each impact category is marked with red color. 
We can also see here as in the annual savings case that there is not an intervention 
system that shows the best values in all impact categories. So, for one more time the 
selection of the system depends also on the interest of the possible user in a specific 
impact category. 
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14. Conclusions 
The environmental performance assessment of two different main and highly used heat 
pump systems mainly used in residential buildings was the main scope of the thesis. The 
methodology applied was the life cycle analysis of the systems. Previous research in 
this domain included mostly the evaluation of various heat pump systems as 
independent systems and not heat pump systems integrated with building envelope. For 
the evaluation of the systems, the SimaPro software with the CML baseline 2001 
method were applied, and the Ecoinvent database for the processes analysis was used. 
The systems evaluated were the air source heat pump, the ground source heat pump the 
absorption heat pump and their auxiliaries systems (emission and distribution systems). 
The production processes of the different heat pump systems were analytically 
evaluated and all required data were collected for the evaluation. The database created 
can easily be used for informative reasons and support any potential user to decide 
which kind of heat pump to select in order to have more environmentally friendly 
energy systems. 
In the first part of the thesis, the analysis included the production and disposal stages of 
heat pump systems as independent systems. The results showed that the GSHP system 
has better environmental performance with lower environmental impacts than the ASHP 
one. 
After the production and disposal stage of heat pump systems, the operational stage of 
the ASHP and the GSHP with their supplementary systems was environmentally 
assessed. 
In the last part of the thesis, all previous assessed heat pump systems were applied in a 
real residential building. Three scenarios were included in the study. The one, the basic, 
included the existing oil-fired boiler and the other two were the intervention scenarios. 
The first one was the ASHP with floor heating system and the second the GSHP with 
borehole heat exchanger and floor heating system. Interesting conclusions were arisen 
from this evaluation. In the first part of the analysis it was found that the production of 
the GSHP had lower environmental impacts than the ASHP. On the other hand, the 
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production of GSHP with borehole heat exchanger had higher environmental impact 
than the ASHP due to the production of the borehole heat exchanger. 
With these scenarios and their results, the different heat pump systems along with the 
existing oil-fired boiler heating system can be compared. The scenarios analysis showed 
us some interesting conclusions. 
Despite the fact that the ASHP with floor heating systems presented higher values of 
annual savings than the brine-to-water in the three out of four environmental impact 
categories, the brine-to-water heat pump with borehole heat exchanger and floor heating 
system presents lower environmental  impact payback period. This can be explained by 
the fact that the brine-to-water heat pump system had better performance at the 
operation stage due to higher efficiency than the ASHP but the environmental impacts 
presented in the production and disposal stage were higher enough to increase the 
impact payback period. The lowest environmental impact payback period achieved 
(3,26) was by the ASHP combined with floor heating system for the global warming 
impact category. 
All in all, the selection of the potential heat pump system from a potential user depends 
on the interest that shows in each specific environmental impact category. 
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